more, the monooxygenase activity also hydroxylates 2,2',3-trihydroxybiphenyl at the C-3' position, yielding 2,2',3,3'-tetrahydroxybiphenyl as a product. An extradiol ring cleavage dioxygenase activity that acts on both 2,2',3-tri-and 2,2',3,3'-tetrahydroxybiphenyl was partially purified. Both substrates yielded yellow metacleavage compounds that were identified as 2-hydroxy-6-(2-hydroxyphenyl)-6-oxo-2,4-hexadienoic acid and 2-hydroxy-6-(2,3-dihydroxyphenyl)-6-oxo-2,4-hexadienoic acid, respectively, by gas chromatography-mass spectrometry analysis of their respective trimethylsilyl derivatives. The meta-cleavage products were not stable in aqueous incubation mixtures but gave rise to their cyclization products, 3-(chroman-4-on-2-yl)pyruvate and 3-(8-hydroxychroman-4-on-2-yl)pyruvate, respectively. In contrast to the meta-cleavage compounds, which were turned over to salicylic acid and 2,3-dihydroxybenzoic acid, the cyclization products are not substrates to the meta-cleavage product hydrolase activity. NADH-dependent salicylate monooxygenase activity catalyzed the conversions of salicylic acid and 2,3-dihydroxybenzoic acid to catechol and pyrogallol, respectively. The partially purified extradiol ring cleavage dioxygenase activity that acted on the hydroxybiphenyls also produced 2-hydroxymuconic semialdehyde and 2-hydroxymuconic acid from catechol and pyrogallol, respectively.
Biphenyl and 2-hydroxybiphenyl have been used extensively as volatile fungicides, especially for the control of postharvest diseases (1) . Their fungal and mammalian metabolism has been previously investigated thoroughly (7, 11) , and it was found that the most important transformation reactions proceed via hydroxylation of the aromatic ring, whereby various hydroxylated biphenyls are produced. Mono-, di-, and trihydroxylated chlorinated biphenyls may be generated by cometabolism of polychlorinated biphenyls with biphenyl-grown bacteria (6) . In order to gain better insight into the metabolic fate of such compounds in bacteria, we have previously investigated bacterial growth on 2-hydroxy-and 2,2'-dihydroxybiphenyl (9) . Subsequently, isolates that were able to grow on 3-hydroxy-, 3,3'-dihydroxy-, and 4-hydroxybiphenyl were described (8) . Two major routes for the bacterial metabolism of hydroxybiphenyls were recognized. One route proceeds via hydroxylation of the already hydroxylated aromatic ring by an NADHdependent monooxygenase followed by meta cleavage of 2,3-dihydroxybiphenyl. This route seems to be employed by the strains isolated on 2-hydroxy-and 3-hydroxybiphenyl (8, 9) . The other route proceeds via dioxygenation of the nonhydroxylated aromatic ring, subsequent rearomatization, and meta cleavage. This pathway is utilized by Pseudomonas sp. strain FH23 (8) , as We have previously suggested that 2,2',3-trihydroxybiphenyl is the first intermediate in the degradation of 2,2'-dihydroxybiphenyl by Pseudomonas sp. strain HBP1 (9). This was formulated as an analogy to the formation of 2,3-dihydroxybiphenyl from 2-hydroxybiphenyl by the NADH-dependent monooxygenase. So far, the identity of the product of the monooxygenase reaction with 2,2'-dihydroxybiphenyl has not been proven. Definitive proof of the suggested structure of the intermediate is important, because 2,2',3-trihydroxybiphenyl has been recently identified as the first detectable intermediate of the bacterial metabolism of dibenzofuran by Pseudomonas sp. strain HH69 (4) as well as by Brevibacterium sp. strain DPO 1361 (16) and it has been shown that it is the product of a novel degradation mechanism involving the angular dioxygenation of dibenzofuran (2) . The fact that the two pathways, the one for 2,2'-dihydroxybiphenyl degradation and the one for dibenzofuran degradation, share the same intermediate makes comparative studies most important, because, in analogy to aerobic polychlorinated biphenyl transformation reactions, during which it was shown that biphenyl-oxidizing enzymes fortuitously oxidize chlorinated analogs, dibenzofuran was chosen as the model compound to elucidate the metabolic steps involved in the breakdown of polychlorinated dibenzofurans (3) . Knowledge of the bacterial metabolism and the environmental fate of these compounds is desired because they are industrial by-products which have been identified as contaminants in almost every component of the global ecosystem (12, 14) and because they constitute a severe environmental hazard because of their high toxicity.
It has been proposed previously that in the course of the NADH-dependent 2-hydroxybiphenyl monooxygenase was measured spectrophotometrically by monitoring NADH disappearance at 340 nm. The reaction mixture contained 20 mM phosphate buffer (pH 7.2), 0.2 mM NADH, 50 AI of the appropriate protein fraction, and 0.1 mM substrate. The reaction was usually started by the addition of a substrate (10 AI of a methanol solution).
Extradiol ring cleavage dioxygenase activity in phosphate buffer (20 mM, pH 7.5) was measured spectrophotometrically by monitoring the increase of absorption, which corresponded to the accumulation of the ring meta-cleavage products. The following extinction coefficients for various meta-cleavage products were used: 2-hydroxymuconic semialdehyde (meta-cleavage product of catechol) (Xmax, 375 nm), 36,000 M-1 cm-1 (16), and 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid (meta-cleavage product of 2,3-dihydroxybiphenyl) (Xm., 434 nm), 22,000 M1 cm-' (16) .
The meta-cleavage product hydrolase was assayed spectrophotometrically by monitoring the decrease in absorption of the different meta-cleavage products (extinction coefficients are described above).
Salicylate monooxygenase in cell extracts was measured spectrophotometrically by monitoring the appearance of 2-hydroxymuconic semialdehyde. This method was employed because, on the one hand, the activity of metapyrocatechase was present at such high levels that direct measurement of NADH at 340 nm was prevented by the interference of 2-hydroxymuconic semialdehyde and, on the other hand, the requirements for a coupled assay were set by the fourfold-higher activity of the coupling reaction (metapyrocatechase). With 2,3-dihydroxybenzoic acid as a substrate, direct measurement of NADH disappearance was possible, because the reaction product did not interfere with the A340. The reaction mixture contained 20 mM phosphate buffer (pH 7.2), 0.2 mM NADH, 10 AI of cell extract, and 0.1 mM substrate. The reaction was started by the addition of substrate (10 RI of a methanol solution).
Production of 2,2',3-tri-and 2,2',3,3'-tetrahydroxybiphenyl. Five milliliters of the partially purified protein fraction (after ion exchange) containing 4.75 U of the monooxygenase activity, 90 ml of phosphate buffer (20 mM, pH 6.5) containing NADH (8 mM), and 35 mg of 2,2'-dihydroxybiphenyl (2 mM) were incubated at 30'C. After 45 min, the pH was adjusted to 1.5 with HCl (concentrated) and the reaction mixture was extracted with 250 ml of ethyl acetate. The organic fraction was evaporated to dryness and then dissolved in 5 ml of methanol. Products of the enzyme reaction were separated from one another and from the remaining educt with preparative high-performance liquid chromatography (HPLC) (50% methanol, 49.9% water, 0.1% trifluoroacetate). The fractions containing products were evaporated to dryness and subsequently used for gas chromatographymass spectrometry (GC-MS), 1H nuclear magnetic resonance (NMR) and UV-VIS spectral characterization. Two incubations gave yields of 48.3 mg of 2,2',3-trihydroxybiphenyl (69%) and 8.8 mg of 2,2',3,3'-tetrahydroxybiphenyl (13%).
Identification of metabolites generated with partially purified enzymes. The metabolites were extracted from the enzymatic incubation mixtures (1 ml) with ethyl acetate (2 ml) after acidification with 1 N H3PO4 (0.5 ml). The organic RESULTS Enzyme activities in cell extracts. NADH-dependent monooxygenase with activity for 2,2'-dihydroxybiphenyl was detected in cell extracts of 2,2'-dihydroxybiphenyl-grown cells of Pseudomonas sp. strain HBP1. Highly active extradiol ring cleavage dioxygenase was measured by monitoring the formation of the yellow meta-cleavage compound with 2,3-dihydroxybiphenyl as the substrate, because the product from 2,2',3-trihydroxybiphenyl did not remain stable in an aqueous solution. meta-Cleavage product hydrolase activity was detected by monitoring the disappearance of the metacleavage product of 2,3-dihydroxybiphenyl (2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid). Additionally, NADHdependent salicylate hydroxylase activity could be detected in these cell extracts. Specific activities of the enzymes detected in crude cell extracts are given in Table 1. 2,2',3-Trihydroxybiphenyl is a product as well as a substrate of the monooxygenase reaction. In order to characterize the product of the reaction catalyzed by the NADH-dependent monooxygenase, it was necessary to separate the monooxygenase activity from the extradiol ring cleavage dioxygenase activity. This was achieved by protamine sul- 2,2',3-Trihydroxy-and 2,2',3,3'-tetrahydroxybiphenyl are substrates of the partially purified extradiol ring cleavage dioxygenase activity. When partially purified extradiol ring cleavage dioxygenase was incubated with 2,2',3-tri-or 2,2',3,3'-tetrahydroxybiphenyl, an intense yellow color immediately developed, but within 30 s the color disappeared completely, indicating that an unstable product was formed. Incubation mixtures were acidified at the moment the yellow color was most intense, quickly extracted with ethyl acetate, silylated with BSTFA, and subsequently analyzed by GC-MS. In this manner, one major metabolite was detected for each 2,2',3-trihydroxy-and 2,2',3,3'-tetrahydroxybiphenyl ( Fig. 6 and 7) . The In additional experiments, the incubation mixtures were acidified only after the yellow color had disappeared completely. Again, one major metabolite was detected in both cases ( Fig. 8 and 9 ). Salicylate and 2,3-dihydroxybenzoate are products of the hydrolase reaction. Partially purified extradiol ring cleavage dioxygenase and meta-cleavage product hydrolase were used for the following experiments. First, 2,2',3-trihydroxybiphenyl was incubated with extradiol ring cleavage dioxygenase and meta-cleavage product hydrolase activity. The incubation mixture was extracted and derivatized with TMS as described above. The TMS derivative of the major metabolite cochromatographed with the TMS derivative of authentic salicylic acid, and both compounds produced identical mass spectra, which shows that salicylic acid was the major product of this reaction. An additional metabolite with the characteristics of the TMS derivative of salicylic methyl ester was found. Its mass spectrum showed the following fragmentation pattern. mlz (major fragment ions): 209 (base peak), loss of CH3; 193, loss of OCH3; 179, loss of CH3 and CH2O; 161, loss of CH3, CH2O, and H20; 151, loss of TMS; 135, loss of OTMS. Second, 2,2',3-trihydroxybiphenyl was incubated with extradiol ring cleavage dioxygenase, and only after the yellow color had disappeared completely was meta-cleavage hydrolase activity added to the incubation mixture. This time, the major metabolite was identified as the cyclization product of the meta-cleavage product (Fig. 8) . Only trace amounts of salicylic acid could be detected. Therefore, only the meta-cleavage compound, but not its cyclization product, acts as a substrate for the meta-cleavage product hydrolase activity. The same experiments were carried out with 2,2',3,3'-tetrahydroxybiphenyl as a substrate. The concomitant incubation yielded 2,3-dihydroxybenzoic acid as a metabolite. Two additional me- 10 . Pathway proposed for the metabolism of 2,2'-dihydroxybiphenyl by Pseudomonas sp. strain HBP1. 1, 2,2'-Dihydroxybiphenyl; 2, 2,2',3-trihydroxybiphenyl; 3, 2-hydroxy-6-(2-hydroxyphenyl)-6-oxo-2,4-hexadienoic acid; 4, 3-(chroman-4-on-2-yl) pyruvate; 5, salicylic acid; 6, 2-hydroxy-2,4-pentadienoic acid; 7, catechol; 8, 2-hydroxymuconic semialdehyde; 9, 2,2',3,3'-tetrahydroxybiphenyl; 10, 2-hydroxy-6-(2,3-dihydroxyphenyl)-6-oxo-2,4-hexadienoic acid; 11, 3-(8-hydroxychroman-4-on-2-yl)pyruvate; 12, 2,3-dihydroxybenzoic acid; 13, pyrogallol; 14, 2-hydroxymuconic acid.
C-3' position of 2,2',3-trihydroxybiphenyl. This finding provides additional evidence for the previously suggested relaxed specificity of the monooxygenase with respect to the molecular rest at the C-1 position of the aromatic backbone structure (9) . Incubations of biphenyl with strain KF274 carrying plasmid pMFB6 containing the bphA and bphB genes encoding for biphenyl dioxygenase and dihydrodiol dehydrogenase, respectively, also led to the final accumulation of 2,2',3,3'-tetrahydroxybiphenyl (5). For this case, it was proposed that 2,3-dihydroxybiphenyl was first produced and then its nonhydroxylated ring was further oxidized to form 2,2',3,3'-tetrahydroxybiphenyl, which then accumulated in the culture medium, because the construct KF274(pMFB6) did not contain a metapyrocatechase.
The proposed pathway for the metabolism of 2,2'-dihydroxybiphenyl is presented in Fig. 10 Figure 1 shows that formation of 2,2',3,3'-tetrahydroxybiphenyl starts only when 2,2'-dihydroxybiphenyl reaches a level close to zero. This could be an indication of a high Km value with 2,2',3-trihydroxybiphenyl as a substrate. Since very high extradiol ring cleavage dioxygenase activity is also present in crude cell extract (Table 1) , one can assume that in the course of normal metabolic breakdown most of the 2,2'-dihydroxybiphenyl is channeled via 2,2',3-trihydroxyand not 2,2',3,3'-tetrahydroxybiphenyl.
The partially purified extradiol ring cleavage dioxygenase acts on both 2,2',3-tri-and 2,2',3,3'-tetrahydroxybiphenyl, producing yellow meta-cleavage products that are unstable in the aqueous incubation environment. Both meta-cleavage compounds and their cyclization products could be ex-VOL. 175, 1993 tracted, and their corresponding TMS derivatives could be prepared. When 2,2',3-tri-and 2,2',3,3'-tetrahydroxybiphenyl were incubated with extradiol ring cleavage dioxygenase and meta-cleavage product hydrolase together, salicylic acid and 2,3-dihydroxybenzoic acid, respectively, were formed, and only minor quantities of cyclization products could be detected. We have no explanations yet for the formation of the methyl esters of salicylic or 2,3-dihydroxybenzoic acid and for the formation of 2,3-dihydroxybenzyl methyl ether during these incubations. Our result, that 2,2',3-trihydroxybiphenyl is meta-cleaved, is in agreement with the findings of Strubel et al. (16) . They described the formation of a yellow meta-cleavage product from 2,2',3-trihydroxybiphenyl catalyzed by crude extracts of dibenzofuran-grown cells of Brevibacterium sp. strain DPO 1361. This compound could not be analyzed directly, but it was transformed to a colorless metabolite identified as 3-(chroman-4-on-2-yl)pyruvate. The mass spectrum of the TMS derivative of 2-hydroxy-6-(2-hydroxyphenyl)-6-oxo-2,4-hexadienoic acid, the metacleavage product of 2,2',3-trihydroxybiphenyl, is identical to the one described by Sondossi et al. (15) . They found this compound as one of many metabolites of 2-hydroxybiphenyl degradation in biphenyl-and chlorobiphenyl-degrading P. testosteroni B-356. Our direct analysis of the TMS derivative of 2-hydroxy-6-(2-hydroxyphenyl)-6-oxo-2,4-hexadienoic acid as a product of the reaction catalyzed by partially purified extradiol ring cleavage dioxygenase is final proof of the proposed meta cleavage of 2,2',3-trihydroxybiphenyl.
In contrast to 2-hydroxybiphenyl-grown cells of strain HBP1 (9), 2,2'-dihydroxybiphenyl-grown cells induce an NADH-dependent salicylate monooxygenase activity. The partially purified enzyme activity catalyzed the formation of catechol from salicylic acid as well as the formation of pyrogallol from 2,3-dihydroxybenzoic acid. Both of these aromatic acids were previously shown to be substrates for salicylate monooxygenase (18) .
The partially purified extradiol ring cleavage dioxygenase activity from Pseudomonas sp. strain HBP1, which acted also on the hydroxybiphenyls, catalyzed the conversion of catechol to 2-hydroxymuconic semialdehyde and that of pyrogallol to 2-hydroxymuconic acid. It has been shown previously that individual dioxygenases act on pyrogallol to form either 2-pyrone-6-carboxylic acid or 2-hydroxymuconic acid (13) .
At the moment, we believe that the extradiol ring cleavage dioxygenase activity from strain HBP1 is a broad-spectrum meta-cleavage dioxygenase because the same partially purified protein fraction is able to turn over various 3-alkylcatechols (10, 17) ; 2,3-di-, 2,2',3-tri-, and 2,2',3,3'-tetrahydroxybiphenyl; catechol; and pyrogallol and because under all growth conditions tested the activity always elutes as one homogenous peak from the ion-exchange column at the same salt concentration (data not shown). Additional work on the extradiol ring cleavage dioxygenase activity of Pseudomonas sp. strain HBP1 will be needed in order for researchers to profoundly characterize the enzyme and to decide in which superfamily of the extradiol ring cleavage dioxygenases the enzyme must be grouped.
